Purpose 5-Aminolevulinic acid (5-ALA)-based fluorescence-guided surgery was shown to be beneficial for cerebral malignant gliomas. Extension of this technique for resection of meningiomas and cerebral metastasis has been recently evaluated. Aim of the present study is to evaluate the impact of fluorescence-guided surgery in spinal tumor surgery. Methods Twenty-six patients with intradural spinal tumors were included in the study. 5-ALA was administered orally prior to the induction of anesthesia. Intraoperative, 440 nm fluorescence was applied after exploration of the tumor and, if positive, periodically during and at the end of resection to detect tumor-infiltrated sites. Results Tumors of WHO grade III and IV were found in five patients. In detail intra-or perimedullary metastasis of malignant cerebral gliomas was found including glioblastoma WHO grade IV (n = 2), anaplastic astrocytoma WHO grade III (n = 1), anaplastic oligoastrocytoma WHO grade III (n = 1). In addition, one patient suffered from a spinal drop metastasis of a cerebellar medulloblastoma WHO grade IV. Tumors of WHO grade I were diagnosed in 18 patients: Eight cases of meningioma (two recurrences), six cases of neurinoma, one neurofibroma, two ependymoma and one plexus papilloma. At least, benign pathologies were histologically proven in three patients. All four spinal metastasis of malignant glioma (100 %), seven of eight meningiomas (87.5 %) and one of two ependymoma (50 %) were found to be ALA-positive. Conclusion The present study demonstrates that spinal intramedullary gliomas and the majority of spinal intradural meningiomas are 5-ALA positive. As a surgical consequence, especially in intramedullary gliomas, the use of 5-ALA fluorescence seems to be beneficial.
Spinal intradural tumors are rare tumors of the central nervous system. While the majority of primary extramedullary tumors are benign, intramedullary neoplasms are usually malignant [1] . In the majority, microsurgical resection is the established treatment in extramedullary spinal tumors. In meningiomas and neurinomas this is more or less easy to perform depending on the dural attachment and on adhesions to the spinal cord or the nerve rootlets. Maximum safe cytoreductive treatment is widely accepted in malignant intramedullary tumors. Clear visualization of solid tumor tissue, identification of tumor borders and safe differentiation of normal neuronal tissue in extra-and intramedullary gliomas, recurrent or infiltrative meningiomas and extra-and intramedullary ependymomas can be challenging.
5-Aminolevulinic acid (5-ALA)-based fluorescenceguided surgery is well established in cytoreductive surgery of malignant cerebral gliomas and is accompanied by improved extent of tumor resection and progression-free survival [26, 28, 29] . 5-ALA induced fluorescence is not seen in malignant gliomas only. Visualization and photodynamic therapy with 5-ALA of bladder, lung or gastrointestinal tumors has been established and for other cerebral intradural pathologies such as meningiomas, metastasis and medulloblastomas it has been recently explored [5, 7, 12, 14, 15, 18, 30] .
Extension of this technique to spinal intradural pathologies is documented in only four case reports [3, 9, 20, 21] .
The aim of the present prospective study was to evaluate: (1) the 5-ALA fluorescence in spinal cord tumors, (2) its usefulness according to the surgical strategy.
Clinical materials and methods

Patients
From the 48 patients suffering from symptomatic intradural, extra-or intramedullary spinal cord tumors who presented in the clinic between February 2011 and December 2011, 26 patients were included in this prospective single center study.
All patients underwent pre-and postoperative T1 and T2 weighted magnetic resonance imaging (MRI) of the spine ± contrast in axial, sagittal and coronal planes and in some cases additional computerized tomography (CT) was performed. Patients were examined pre-and postoperatively (day 7 after surgery) by ASIA impairment scale [6] .
Patient characteristics are illustrated in Table 1 . Informed consent was obtained from the patients regarding surgery and the off-label application of 5-ALA.
Treatment
Indication for surgery was discussed with each patient. Especially in malignant glioma metastasis the palliative treatment character was disclosed.
Three hours before induction of anesthesia a freshly prepared solution of 5-ALA (20 mg/kg body weight) was administered orally [25] . All patients were operated under general anesthesia with continuous neuromonitoring (somatosensory and motor evoked potentials and in some cases D-wave recording) in prone position. For level localization intraoperative fluoroscopy or preoperative computed tomography-guided placement of a hooked-wire needle system as described before was used [23] .
The operation was carried out using a neurosurgical microscope (Pentero with fluorescence kit, Carl Zeiss Surgical GmbH, Oberkochen, Germany), which allows the surgeon to switch from white xenon illumination to violetblue excitation light.
All tumors were subjected to standard histological classification based on formalin-fixed and paraffinembedded tissue sections.
Results
A total of eleven men (42 %) and fifteen women (58 %), mean age of 56.2 years (range 27-82 years) were included in the study. Of those, 3 spinal tumors were located in the cervical spine, 11 in the thoracic spine, 4 at the conus medullaris, 6 at the cauda equina and 2 within the canalis sacralis (Table 1) .
High grade spinal tumors were histologically proven in five patients: four patients suffered from intra-or perimedullary gliomas arising from primary cerebral disease. Two of them presented with metastasis of glioblastoma (WHO grade IV), one with metastasis of an anaplastic astrocytoma (WHO grade III) and one with a metastasis of an oligoastrocytoma (WHO grade III), respectively. In one patient, a drop metastasis of a cerebellar medulloblastoma (WHO grade IV) was diagnosed. In two cases, the tumor was located intra and extramedullary (cases 18 and 19), two were located extramedullary (cases 16 and 23) and one intramedullary (case 17).
Low grade tumors of WHO grade I were found in 18 patients: in eight patients the space occupying lesions turned out to be a meningioma (all WHO grade I); therefrom two were recurrences (cases 4 and 6). All meningiomas were located extramedullary. In six patients a neurinoma and in one a neurofibroma (all WHO grade I) was diagnosed (extramedullary). Two patients were treated with ependymomas (extramedullary) and one patient with an extramedullary drop metastasis of a ventricular plexus papilloma (all WHO grade I).
Benign lesions were diagnosed in three patients: one patient suffered from an epidermoid cyst (extramedullary), one from an intramedullary lipoma and in one patient the assumed intramedullary lesion was proven to be a demyelinating disease.
After exposing the dura, the normal white light mode showed no suspicious changes in structure or color of the thecal sac. The microscope was switched to violet-blue excitation light, whereupon also no suspect area could be detected in the external sheet of the dura in all 26 cases.
After durotomy and exposure of the pathology seven meningiomas (88 %), including the two recurrent tumors, showed broad fluorescence (Figs. 1, 2 ). On the base of this fluorescence signal differentiation between tumor and cicatrize was possible which was proven by histological examination (Fig. 2) . Tissue samples from 5-ALA positive areas showed clear meningioma tissue whereas in samples from the 5-ALA negative area cicatrize was diagnosed. In 
Discussion
The study demonstrates that the application of 5-ALA can be useful for specific intradural spinal pathologies. The aim was to evaluate in which spinal tumor entities 5-ALA accumulates and thereby improves visualization of tumor tissue and potentially serves as a helpful tool for surgery. Though 5-ALA has been employed for the visualization of various tumors, there are only a few reports on 5-ALA fluorescence in spinal intradural pathologies [3, 9, 20, 21] .
This prospective study detected broad fluorescence in 88 % of spinal meningiomas (n = 8) and 100 % of spinal gliomas (n = 4), as well as in one ependymoma WHO grade I (n = 2). [6] . A no motor or sensory function is preserved in the sacral segments S4-S5, B sensory but not motor function is preserved below the neurological level and includes the sacral segments S4-S5, C motor function is preserved below the neurological level, but more than half of the key muscles below the neurological level have a muscle strength of less than three, D motor function is preserved below the neurological level, and at least half of the key muscles below the neurological level have a muscle strength of three or more, E motor and sensory functions are normal
The findings suggest that 5-ALA is a safe and useful real-time tool to identify tumor borders or remaining tumor tissue in meningiomas and gliomas and may be at least in some ependymomas.
First limitation of the study is the unknown uptake mechanism of 5-ALA in spinal tumor tissue. 5-ALA is a natural precursor for the heme biosynthesis [11] . After metabolization into the fluorescent molecule protoporphyrin IX (PpIX) strong fluorescence could be detected in malignant gliomas after illumination with violet-blue excitation light. In these tumors, the hydrophilic 5-ALA is able to pass the disrupted blood-brain barrier (BBB) with an abnormal accumulation in the mitochondria and a tumor-specific porphyrin fluorescence [27, 28] . Several additional mechanisms of PpIX accumulation in malignant glioma cells like reduced activity of ferrochelatase or decreased outflow of PpIX from the cells are reported [8, 19] .
In intramedullary metastasis of malignant gliomas it could be assumed that the mechanism is similar to that in cerebral malignant gliomas.
In extramedullary tumors like meningiomas and neurinomas crossing of the BBB is probably of low relevance and the fast and efficient uptake in spinal meningioma tissue remains unknown. It can be hypothesized, that in this tissue enzymatic processes like reduced activity of ferrochelatase lead to the accumulation of 5-ALA.
Wherefore spinal neurinomas never show fluorescence is particularly ambiguous due to the fact that Schwanncells are the glia of the peripheral nervous system like the astrocytes in the brain, which show, in terms auf malignant transformation a broad fluorescence in most cases.
Second limitation is the unknown pharmacokinetic of 5-ALA in spinal pathologies after oral administration. According to the procedure described by Stummer et al. [26] 5-ALA was given 2-4 h before the induction of anesthesia. Third, because of the small patient cohort, statistic significant conclusion could not be drawn although the results from spinal meningioma and glioma fluorescence suggest a quite reliable 5-ALA uptake and fluorescence in these tumor entities.
In this study, we do not present detailed clinical and neuroimaging data due to the fact, that this manuscript focuses on the evaluation in which spinal tumor entities 5-ALA accumulates.
Spinal metastasis of malignant gliomas
Spinal metastasis of malignant gliomas is rare although Ferreira et al. [10] described in a series of 67 cerebral gliomas spinal metastasis in 20 %. On the other hand, it can be assumed that the improved treatment of cerebral gliomas and subsequently the prolonged overall survival lead to an increased frequency of symptomatic spinal metastasis due to cerebrospinal fluid (CSF) seeding [13] . In most of these cases, treatment is restricted to incomplete resection or biopsy and the prognosis is devastating [2, 4, 9] . Maximum safe cytoreductive treatment using 5-ALA is an accepted cornerstone in the therapy of cerebral malignant gliomas with a benefit onto the progression-free survival [26] . This study demonstrates that the technique also can be applied in spinal metastasis of gliomas. 5-ALA seems to be a useful tool for identifying solid tumor tissue during resection and for controlling the resection borders. How far this fluorescence-guided cytoreductive surgery can improve patient's life quality (prevention of paraplegia) and increase the overall survival has to be proven in further studies. Especially in comparison with well established treatment options after biopsy and palliative treatment.
Spinal meningioma
Resection of most spinal meningiomas is easy to perform due to their usually well circumscribed extramedullary location. In en plaque and infiltrative growing meningiomas or recurrent spinal meningiomas complete resection can be challenging depending on the infiltration of the dura, arachnoid scarring and spinal cord tethering.
Recurrence rates reported in the literature are between 6 and 14.7 % [16, 24] . In widespread recurrent or en plaque growing meningiomas with distinct arachnoid scarring and spinal cord infiltration the exact differentiation between vital tumor tissue, scar tissue of the dura and the arachnoid membrane and healthy neuronal tissue of the myelon and the nerve rootlets is crucial. Remaining cicatrizes with spinal cord adhesion but without compression after tumor removal can be left to prevent loss of neurologic function. In our study, differentiation between tumor and cicatrize was possible after the administration of 5-ALA which was proven by histological examination (cases 4 and 6).
But also in primary infiltrative meningiomas or for exact identification and subsequent complete coagulation of the dural attachment area the administration of 5-ALA may be useful to achieve a resection Simpson grade II which has a lower recurrence rate than incomplete resection [21] . No difference could be observed whether the tumor matrix has been coagulated (Simpson grade II) or resected (Simpson grade I) [16] .
It remains unclear, why the histological subtype of a psammomatous meningioma (WHO grade 1) in case two showed no fluorescence. It might be possible that the time interval between application and the operative procedure was too long because of adjournment due to an emergency (in this case 7 h) and therefore the accumulation within the tumor cells was already low. According to other experiences, this subtype showed a broad fluorescence in cerebral meningiomas as described by Coluccia et al. [5] . 
Ependymoma
Only one of the two ependymomas in this study group exhibited fluorescence, therefore the value of 5-ALA in this entity cannot be estimated and further studies have to evaluate this phenomenon with focus on tumor pharmacokinetic. Theoretically, the advantages of a better delineation of vital tumor tissue, normal neuronal tissue and cicatrize can be beneficial in ependymoma surgery-if they show fluorescence. Especially in intramedullary ependymomas as well as in filum terminals ependymomas with adherence to the conus medullaris and tumor recurrences 5-ALA could be an additional useful tool to minimize damage to the normal neuronal tissue and optimize tumor resection to prevent local recurrences.
Conclusion
In this study, of 26 intradural spinal pathologies the vast majority of meningiomas and all gliomas showed a broad fluorescence after the administration of 5-ALA. 5-ALA fluorescence is a safe and useful intraoperative tool to identify vital tumor tissue and the resection borders in intramedullary or infiltratively growing extramedullary spinal tumors like gliomas, ependymomas and infiltrative meningiomas. In meningiomas coagulation of tumor matrix can be verified and in recurrent meningiomas differentiation between tumor tissue and cicatrize is possible.
However, the advantage of this technique remains to be supported by prospective investigations with a larger patient cohort, focus on intramedullary tumors, detailed clinical data, postoperative examination and neuroimaging and long-term clinical and radiological follow up.
